1. Two enzymes that catalyse the transfer of galactose from UDP-galactose to GM2 ganglioside were partially purified from rat liver Golgi membranes. 2. These preparations, designated enzyme I (basic) and enzyme II (acidic), utilized as acceptors GM2 ganglioside and asialo GN12 ganglioside as well as ovalbumin, desialodegalactofetuin, desialodegalacto-orosomucoid, desialo bovine submaxillary mucin and GM2 oligosaccharide. Enzyme II catalysed disaccharide synthesis in the presence of the monosaccharide acceptors N-acetylglucosamine and N-acetylgalactosamine. 3. The affinity adsorbent a-lactalbumin-agarose, which did not retard GM2 ganglioside galactosyltransferase, was used to remove most or all of galactosyltransferase activity towards glycoprotein and monosaccharide acceptors from the extracted Golgi preparation. 4. After treatment of the extracted Golgi preparation with oa-lactalbumin-agarose, enzyme I and enzyme II G^12 ganglioside galactosyltransferase activities, prepared by using DEAE-Sepharose chromatography, were distinguishable from transferase activity towards GM2 oligosaccharide and glycoproteins by the criterion of thermolability. 5. This residual galactosyltransferase activity towards glycoprotein substrates was also shown to be distinct from GM2 ganglioside galactosyltransferase in both enzyme preparations I and II by the absence of competition between the two acceptor substrates. 6. The two types of transferase activities could be further distinguished by their response to the presence of the protein effector oa-lactalbumin. GM2 ganglioside galactosyltransferase was stimulated in the presence of a-lactalbumin, whereas the transferase activity towards desialodegalactofetuin was inhibited in the presence of this protein. 7. The results of purification studies, comparison of thermolability properties and competition analysis suggested the presence of a minimum of five galactosyltransferase species in the Golgi extract. Five peaks of galactosyltransferase activity were resolved by isoelectric focusing. Two of these peaks (pl 8.6 and 6.3) catalysed transfer of galactose to GM2 ganglioside, and three peaks (pI8.1, 6.8 and 6.3) catalysed transfer to glycoprotein acceptors.
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Abbreviations used: GM2 ganglioside, mucin, desialo bovine submaxillary mucin; GalNAc, N- GalNAcf,l -_ 4Galfil -. (3 +-2aNeuAc)Glcfll -_ lceracetylgalactosamine; GlcNAc, N-acetylglucosamine; amide; GNI, ganglioside, Galpl -* 3GalNAc,Bl -4(3 +-NeuAc, N-acetylneuraminic acid; aLac, a-lactalbumin. 2aNeuAc)Glcfl -_ lceramide; asialo GM2 ganglioside, The solubilization and partial purification of two isoenzymes of GM2 ganglioside galactosyltransferase from rat liver Golgi membranes have recently been described (Kaplan & Hechtman, 1983) . Characterization of enzyme I (basic) and enzyme II (acidic) indicated that the two enzymes had distinct pH optima and detergent and phospholipid requirements, but similar cation requirements, molecular masses and kinetic constants. Among sphingolipid substrates only GM2 and asialo GM2 gangliosides served as acceptors for galactose. In the present study we have investigated acceptor specificities of enzyme I and enzyme II by using protein-separation techniques, competition analysis and comparison of properties of enzyme activities that transfer galactose to different acceptor substrates.
With the exception of the inner core of asparagine-linked oligosaccharides of complex glycoproteins, the addition of monosaccharides to glycolipids, mucin-type glycoproteins and terminal sugar residues of complex glycoproteins occurs by the stepwise addition of sugar residues from nucleotide sugar donors catalysed by glycosyltransferases.
The galactosyl linkages formed in the three types of oligosaccharide are all in the fl-configuration and are linked either to the 4-position of N-acetylglucosamine or to the 3-position of N-acetylgalactosamine. The oligosaccharide chains associated with proteins are classified either as mucins or as complex glycoproteins. In mucins the Nacetylhexosaminyl residue is linked directly to the oxygen atom of serine or threonine. In complex glycoproteins the inner N-acetylglucosaminyl residue is attached to the nitrogen atom of asparagine. The core structure of complex glycoproteins possesses a branched mannose trisaccharide, and the terminal carbohydrate sequence of N-acetylhexosamine, galactose and N-acetylneuraminic acid is added in the Golgi apparatus. A characteristic feature of glycosyltransferase enzymes is their high order of specificity for donor and acceptor substrates. The substrate specificities of a variety ofglycoprotein sialyl-, galactosaminyl-, glucosaminyl-, fucosyl-and galactosyl-transferases have been described in detail (Schachter & Roseman, 1980 ). GM2, GD2 and asialo GM2 gangliosides have been shown to be effective acceptors for galactose transfer catalysed by particulate fractions from embryonic chick brain (Basu etal., 1965) , rat brain (Cumar et al., 1972; Dicesare & Dain,-1972) and rat liver Golgi membranes (Keenan et al., 1974) . Competition analysis has shown that the transfer of galactose to glycoprotein acceptor substrates catalysed by this crude preparation is due to enzymes distinct from those catalysing incorporation of galactose into glycolipid acceptors (Basu et al., 1965 (Folch et al., 1957; Wolfe, 1972; Suzuki & Suzuki, 1972) . GM2 ganglioside was labelled in the N-acetylgalactosaminyl moiety by using the procedure developed by Suzuki & Suzuki (1972) as modified by O'Brien et al. (1977) and Novak et al. (1979) . The specific radioactivity was 1.5 mCi/mmol. An oligosaccharide was prepared from 3H-labelled GM2 ganglioside by ozonolysis (Esselman et al., 1972) . The ozonolysed products were resolved by gel filtration on Bio-Gel P-2. The presence of the sialotetrasaccharide was confirmed by t.l.c. in butanol/acetic acid/water (4: 1 :1, by vol.). A single resorcinolpositive spot was observed with mobility intermediate between that of N-acetylneuraminyl-lactose and the sialohexasaccharide.
Preparation of glycoprotein acceptors
Sialic acid was removed from fetuin, orosomucoid and bovine submaxillary mucin by mild acid hydrolysis. Removal of galactosyl termini from DS fetuin and DS orosomucoid was achieved by periodate oxidation followed by reduction with NaBH4 and mild acid hydrolysis, in accordance with the procedure of Spiro (1964) .
Enzyme assays
Measurement of enzymic synthesis of GM, ganglioside was performed as previously described (Kaplan & Hechtman, 1983) . Reaction conditions for''the measurement of galactose incorporation into glycoprotein acceptors were identical except that suitably prepared acceptors (125-250,ug) were substituted for GM2 ganglioside.
Labelled reaction products were separated and quantified as described in a previous paper (Kaplan & Hechtman, 1983 
Protein determinations
Protein was determined by the method of Lowry et al. (1951) , with crystalline bovine serum albumin as standard. Where necessary, a modified Lowry procedure was adopted to adjust for high Triton X-100 concentrations (Wang & Smith, 1965) .
Preparation of enzymes
Tissue sources. Three-week-old rats were obtained from Canadian Breeding Farms and maintained on water only before they were killed. Enzymes I and II were prepared from rat liver Golgi membranes by anion-exchange chromatography as described previously (Kaplan & Hechtman, 1983 ). For the preparation of enzyme IaLac and enzyme HaLac the solubilized Golgi preparation (S105) was initially chromatographed on ac-lactalbumin-agarose. The fractions containing unbound GM2 ganglioside galactosyltransferase activity were pooled (S,Lac) and chromatographed on DEAE-Sepharose 6B by using a procedure identical with that described in Kaplan & Hechtman (1983) .
x-Lactalbumin-agarose chromatography. Solid KCI and N-acetylglucosamine were added to 5ml of an S105 preparation to final concentrations of 20mM and 3mm respectively. The sample was applied to a 2ml column (2.5 cm x 1cm) of a-lactalbumin-agarose equilibrated in lOmM-Tris/HCl buffer, pH7.6, containing lOmM-MgCl2, 20mM-KC1, 2mM-2-mercaptoethanol, 3mM-N-acetylglucosamine and 1% (v/v) Triton X-100, and 1 ml fractions were collected manually at a flow rate of 1ml/min. Unadsorbed protein was eluted with 15ml of equilibration buffer. Bound galactosyltransferase was eluted with the same buffer devoid of N-acetylglucosamine. The column was calibrated with a commercial preparation of bovine milk galactosyltransferase.
Isoelectric focusing. Isoelectric focusing was performed in a Pharmacia flat-bed apparatus. To lOOml of Sephadex G-75 swollen in 1% (v/v) Triton X-100/50% (v/v) glycerol was added 3.3ml of ampholytes (Pharmalyte 3.0-10.0), and the gel was poured and prefocused for 45min at 2OmA at 750V. A 1 ml sample of an S105 preparation was applied and the focusing was continued for 16h. Equilibrium was reached when two spots of myoglobin that had been applied at opposite ends of the gel had coalesced. Gel fractions were re-suspended in 500M1 of equilibration buffer and glucosamine or N-acetylgalactosamine with centrifuged at 300g for 10min. the percentage of such residues galactosylated in tors containing terminal fi-(l -+ l)-N-acetylglucosthese reaction mixtures ranged from a minimum of aminyl linkages. The specificity of this enzyme is 0.07% (for DG bovine submaxillary mucin) to a modified by the protein effector a-lactalbumin, maximum of 7.4% (for GM2 oligosaccharide).
and this interaction has become the basis of puriNative fetuin, DS fetuin, mucin and orosomucoid fication of this lactose synthase enzyme by affinity were not acceptors of galactose.
chromatography on a-lactalbumin-agarose. Incorporation of galactose into labelled disacThe solubilized Golgi extract (S105) was chrocharide was measured in the presence of N-acetylmatographed on a-lactalbumin-agarose under conditions (Andrews, 1970 ) that retarded the bovine milk galactosyltransferase (Sigma). This enzyme is completely inactive towards GM2 ganglioside. Over 80% of the GM2 ganglioside galactosyltransferase activity recovered from the Vol. 217 column after application of the S105 preparation was eluted before the application of desorbing buffer (Fig. 2) . A small portion of GM2 ganglioside galactosyltransferase activity (10-20%) was retarded by the column and was eluted in the same position as the bovine milk galactosyltransferase. Two major peaks of galactosyltransferase with activity towards DSDG fetuin were clearly resolved by chromatography on a-lactalbuminagarose (Fig. 2) . The first peak, which represented 48% of recovered activity, was eluted together with GM2 ganglioside galactosyltransferase. The second peak, representing 52% of the recovered activity, was adsorbed on the column and was eluted in a position identical with that of the bovine milk galactosyltransferase. The resolution of the glycoprotein-acceptor-specific galactosyltransferase activity of the Triton X-100-extracted Golgi membranes into two fractions on the a-lactalbuminagarose column could not be an artifact due to column overloading. The application of 1000-fold greater amount of enzyme units of (Sigma) bovine milk lactose synthetase resulted in complete retardation of all enzyme in the presence of an Nacetylglucosamine-containing buffer.
Fractions that did not adsorb on the a-lactalbumin-agarose column and that had high GM2 ganglioside galactosyltransferase activity were pooled (SaLac) and chromatographed on DEAESepharose 6B (Fig. 3) . The GM2 ganglioside galactosyltransferase was recovered in two peaks, which chromatographed in a pattern identical with that observed when S105 preparation was chromatographed directly on DEAE-Sepharose (Fig. 5 of Kaplan & Hechtman, 1983) . Moreover, activity towards the glycoprotein DSDG fetuin was resolved into two peaks that were coincidental with the peaks of GM2 ganglioside galactosyltransferase activity. These two peaks, prepared by a combination of cx-lactalbumin-agarose chromatography and DEAE-Sepharose chromatography, were designated enzyme 'aLac and enzyme IaLacL The pooled fraction of GM2 ganglioside galactosyltransferase eluted from a-lactalbumin-agarose was applied to the column (9.5cm x 2.6cm) of DEAE-Sepharose 6B at a flow rate of 15ml/h. The column was eluted as described in the, Materials and methods section of Kaplan & Hechtman (1983) . Galactosyltransferase activity was measured in the presence of GM2 ganglioside (0) Table 2 . Acceptor specificity of rat liver Golgi galactosyltransferases after a-lactalbumin-agarose affinity chromatography Incubations were as described in the legend to Tables 1 and 2 indicate that, although the affinity adsorbent a-lactalbumin-agarose did remove all of the galactosyltransferase activity towards the monosaccharide acceptors, some residual activity towards the glycoprotein substrates remained associated with GM2 ganglioside galactosyltransferase after the two chromatographic procedures. Methods based on comparison of enzymic properties were therefore employed to determine whether the GM2 ganglioside galactosyltransferases designated enzyme IaLac and enzyme IaLac also catalysed galactose addition to glycoprotein substrates or whether either one or Vol. 217 both of these preparations contained distinct types of galactosyltransferase enzymes with differing acceptor specificities.
Thermolability of galactosyltransferases
Preparations containing enzyme 1ccLac and enzyme laLac were heated at 37°C for intervals up to 40 min in the absence of substrates, and the rates of thermal inactivation were determined by measurement of enzyme activity in the presence of GM2 ganglioside and DSDG fetuin acceptors (Fig. 4) . Thermal-inactivation profiles indicating extreme lability were obtained for both enzyme preparations when GM2 ganglioside was used as the acceptor substrate, but little or no thermal inactivation of galactosyltransferase activity towards DSDG fetuin occurred. These results suggested that each of the two enzyme preparations contained at least two distinct galactosyltransferase activities. The thermolability of galactosyltransferases measured in the presence of a variety of acceptor substrates is summarized in Table 3 . Galactosyltransferase activity towards GM2 oligosaccharide was also stable. Activities in both preparations towards two other glycoprotein substrates, DS bovine submaxillary mucin and DSDG orosomucoid, showed thermolability properties that were intermediate between those exhibited by transferases catalysing the addition of galactose to GM2 ganglioside and to DSDG fetuin. Although these results are difficult to interpret, this partial thermolability could be explained by overlapping specificities of two galactosyltransferases in each preparation for the last-mentioned two substrates.
Effects of a-lactalbumin on galactosyltransferase activities
The effects of a-lactalbumin on galactose incorporation in the presence of GM2 ganglioside, DSDG fetuin and ovalbumin catalysed by preparations containing enzyme 'aLac and enzyme 1c Lac were compared (Fig. 5) . The action of this protein effector on a lactose synthase purified from rat liver microsomal fraction has been shown to result in a decrease in the Km of the enzyme for glucose, thus stimulating lactose synthesis. a-Lactalbumin inhibits the ability of desialodegalacto plasma glycoproteins to serve as acceptors for galactose (Fraser & Mookerjea, 1977) . At concen- HaLac (----) towards several acceptor substrates were compared. Incubation conditions were as described in the Materials and methods section except that a-lactalbumin was added at the indicated concentrations. Galactosyltransferase activity was measured in the presence of GM2 ganglioside (c), DSDG fetuin (0) and ovalbumin (c) substrates. 
Isoelectric focusing
The results of competition analysis and thermolability studies as well as the different effects of alactalbumin on galactosyltransferase activity towards glycolipid and glycoprotein substrates indicate that distinct enzymes catalyse the galactosylation of these substrates. If two such enzymes are not physically associated it should be possible to separate them. The resolution of galactosyltransferases present in the solubilized Golgi preparation (S105) by isoelectric focusing is shown in Fig. 6 . Galactosyltransferases in DEAE-Sepharose fractions containing enzyme I and enzyme II were inactivated during isoelectric focusing. GM2 ganglioside galactosyltransferase was recovered in two peaks with pl 8.6 and 6.3. DSDG fetuin galactosyltransferase was resolved into three peaks with pI8.1, 6.75 and 6.3. Galactosyltransferases with activities towards both GM2 ganglioside and DSDG fetuin focused at pH6.3, suggesting a possible physical association between the two catalytic activities. The two galactosyltransferase activities that focus at the alkaline end of the gradient most probably represent activities present in the enzyme I fraction that did not bind to DEAE-Sepharose at pH7.6. The galactosyltransferase that focuses at pH6.75 and manifests very little activity towards GM2 ganglioside is considered to represent the glycoprotein-acceptorspecific species that is removed from the SI05 preparation by a-lactalbumin-agarose affinity chromatography. The use of 50% glycerol in the isoelectric-focusing gel permitted the recovery of 70% of the applied GM2 ganglioside galactosyltransferase after isoelectric focusing. Recovery of the glycoprotein galactosyltransferase was 150%.
Discussion
The enzymology of galactose transfer in rat liver Golgi membranes is quite complex. The Golgi extract (SI^) contains at least two enzyme species capable of adding galactose to glycolipid acceptors and at least three enzymes that utilize glycoprotein acceptors. Among the goals of the present work has been to achieve the resolution of these activities and to obtain evidence bearing upon possible interrelationships existing among the various galactosyltransferase enzymes of this organelle. The results described in previous work (Hechtman & Kaplan, 1983) ganglioside galactosyltransferase activity and three peaks of DSDG fetuin galactosyltransferase activity. A GM2 ganglioside galactosyltransferase that focused at a pH of 8.6 was well separated from a glycoprotein-acceptor-specific galactosyltransferase (pI8.1). Thus two enzyme activities that were unresolved by chromatography on the a-lactalbumin-agarose and DEAE-Sepharose were shown to be distinct species by isoelectric focusing. Their isoelectric points identify these activities as components of the enzyme-I-containing preparation, since at the pH employed in ion-exchange chromatography (pH 7.6) enzymes with pl values in this range would not be expected to bind to the resin. It did not prove possible to confirm the assignment of the enzymes with pI8.6 and 8.1 to the enzyme I fraction by direct isoelectric focusing of this preparation owing to its lability to this procedure. An activity that focused at pH 6.75 and had minimal GM2 ganglioside galactosyltransferase activity was most probably identical with the activity that was removed from the S105 preparation by a-lactalbumin-agarose chromatography.
Two peaks of galactosyltransferase activity, GM2-ganglioside-specific and glycoproteinspecific, co-focused at pH 6.3. These activities most probably represent the galactosyltransferases in enzyme II preparation that bound to anionexchange resin at pH 7.6. We speculate that the latter two activities, which we have shown to be kinetically distinct but unresolvable by several fractionation procedures, may represent two functionally distinct but physically associated enzyme species.
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